Activation cross sections of proton induced reactions on gold for production of 197m,197g,195m,195g,193m,193g,192 Hg, 196m,196g(cum),195g(cum),194,191(cum) Au, 191(cum) Pt and 192 Ir were measured up to 65 MeV proton energy, some of them for the first time. The new data are in acceptably good agreement with the recently published earlier experimental data in the overlapping energy region. The experimental data are compared with the predictions of the TALYS 1.6 (results in TENDL-2015 on-line library) and EMPIRE 3.2 code.
Introduction
The experimental proton and deuteron activation cross section data on gold are important in different application fields. Out of the reaction products the radionuclides of mercury are used in monitoring the distribution and the accumulation of mercury in different parts of the body and to study mercury transformations in environmental systems. The accelerator-produced isomers are broadly used in diagnostic medical applications:
197m,g Hg appear to be new potential candidates for therapy. For investigation of specimens containing metallic gold and gold alloys, the longer-lived 198g Au (T 1/2 = 2.7 d) and 196g Au (T 1/2 = 6.2 d) are suitable. Furthermore, experimental studies of the isomers and comparison of the results with nuclear reaction model calculations significantly assist to further development of nuclear reaction theories. We earlier published results of investigations on gold activation cross sections where the different applications were discussed in more detail (IAEA-NDS, 2010; Szelecsényi et al., 1996 Szelecsényi et al., , 1997 Tárkányi et al., 2011 Tárkányi et al., , 2015 . The present data are produced in the frame of a systematic study of excitation functions of light charged particles. Our earlier investigation on proton induced activation on gold * Corresponding author: ditroi@atomki.hu was limited to 30 MeV incident particle energy (Szelecsényi et al., 1996) . This recent investigation is dedicated mainly to the determination of excitation functions on gallium up to 65 MeV and 64 Ni up to 30 MeV (Amjed et al., 2014; Hermanne et al., 2015) , we have used Au-foils as backing of electrodeposited GaNi and 64 Ni targets. As during the evaluation of the gamma spectra we got valuable information on activation cross sections also on gold, we decided to share the new information with the public.
Earlier experimental data
The main goal of the present work was to extend the energy range of the experimental data for cross sections of radioisotopes produced from gold by proton activation. Besides this goal we could also clarify the discrepancies occur between the relatively large number of data sets from different laboratories, as well as provide further input data for nuclear reaction model code development. Due to different factors (monoisotopic target, easy target preparation, importance of proton activation data for different applications, easy measurable isomeric ratios, etc.) there is a relatively large set of experimental data available in the literature on proton induced activation cross sections on gold. When one overviews the years of the previous measurements, target preparation methods, irradiation circumstances, beam current measurements methods (monitoring), γ-spectrometry tools and the overall result parameters (in the last column of Table 1 ), one can have a preliminary impression about the quality of the particular data sets. This information can later be used by judging the goodness of the agreements. We collected the results related to the present study in Table 1 .
Experiment and data evaluation
The experiment was performed using the activation method, stacked foil irradiation technique and off-line high resolution gamma-ray spectrometry. Cross section data were deduced relative to the chosen monitor reactions, re-measured simultaneously over the whole covered energy range. Two stacks were irradiated at an external beam line of the Cyclone110 cyclotron of the UniversitȂŠ Catholique in Louvain la Neuve (LLN) with a 65 MeV proton beam. The first stack was irradiated at 84 nA for 1 h. It contained a sequence of groups of Al (151.1 µm), Hf (10.54 µm), Al (56.6 µm), Al (26.9 µm) and GaNi alloy layer (17.7 or 15.9 µm) electrodeposited on 25 µm Au foils. The energy range covered by the 18 Au targets was 46.9-63.5 MeV. The second stack contained 12 groups of W (21.3µm), Al (250 µm) and 13.35 µm GaNi alloy electrodeposited on 13.35 µm Cu, Al (250 µm) followed by 17 blocks of 23.1 µm Au, 125µm Al, 21.3 µm W, 250 µm Al, 13.2 mm GaNi on 12.5 µm Cu and 125 µm Al foils. The energy range of the 17 Au foils was 47.15-23.1 MeV. The stack was irradiated at. 35 nA intensity for 1 h. An additional stack was irradiated at the external beam line of VUB CGR 560 cyclotron (Brussels) at 90 nA for 1 hour with a 33.7 MeV incident proton beam. This consisted of 7 groups of Al (11 µm), In (116 µm), Al (50 µm), Ti (10.9 µm) followed by 11 groups of Au (23.1 µm), Al (11 µm), In (116 µm), Al (50 µm), Ti (10.9 µm) The energy range of 11 Au foils was on 7.2 -25.2 MeV. The targets were mounted in Faraday cup like target holders provided with a long collimator. No chemical separation was used. Gamma-spectra were measured with Canberra HPGe detectors, coupled with plug-in MCA computer card controlled by the Genie2000 software. Four or five series of gamma spectra were measured to follow the decay. The spectra were evaluated by an iterative method using the Genie 2000 or Forgamma (Canberra, 2000; Székely, 1985) codes. The used decay data and the Q values of the contributing reactions are collected in Table 2 . The decay data were taken from the on-line version NUDAT (NuDat, 2014), the reaction Qvalues are obtained from the Q value calculator (Prity- ). In the high energy irradiations the 27 Al(p,x) 22,24 Na monitor reactions were used, at low energy the nat Ti(p,x) 48 V reaction. The beam energies in targets (preliminary) were determined by using a home-made code based on the tables and coefficients given in (Andersen and Ziegler, 1977) and corrected according to the results of the fitted monitor reactions (final) (Tárkányi et al., 1991) . Uncertainty of energy was obtained taking into account cumulative effects of possible uncertainties (primary energy, target thickness, energy straggling, correction to monitor reaction). As Au is monoisotopic, so called isotopic cross sections were determined. Due to the complex gamma spectra, the large number of products and their different half-lives, use of experimental data in literature and of theoretical results (tendency, shape, magnitude) help significantly for data evaluation. Uncertainty of cross sections was determined by taking square root from the sum in quadrature of all individual contributions(InternationalBureau-of-Weights-and-Measures, 1993): beam current (7 %), beam-loss corrections (max. 1.5 %), target thickness (1 %), detector efficiency (5 %), photo peak area determination and counting statistics (1-20
Comparison with nuclear model calculations
The cross-sections of the investigated reactions were compared with the data given in the on-line TENDL-2015 (Koning et al., 2015) library. This library is based on both default and adjusted TALYS (1.6) calculations (Koning and Rochman, 2012 (Herman et al., 2012) ) are also presented and compared with the experimental results. In the case of TENDL and EMPIRE the same strategy was followed, i.e. all possible contributions were calculated and added in the final results (if it was possible).
Cross sections
The experimental cross section data and the compari- Table  3 . The cross section values of mercury radionuclides are due to direct production via (p,xn) reactions. The gold radio-products are produced directly via (p,pxn) reactions and/or additionally through the decay of isobaric parent mercury radioisotopes (cumulative). The ground state of these radioisotopes can additionally be populated through the isomeric transition of the meta-stable state. The cross section is marked with (m+) when the half-life of the isomeric state is significantly shorter than that of the ground state and the cross sections for the production of ground state were deduced from spectra measured after nearly complete decay of the isomeric state. 197 Au by EC. The production cross sections of the 197m Hg are shown in Fig. 2 , together with the earlier experimental results and theoretical estimations in TENDL-2014 and 2015. There is rather good agreement with earlier experimental data except for the studies of and (Hansen et al., 1962) . Unrealistic values for TENDL above 12 MeV can be observed. There are no significant differences between the consecutive TENDL versions. EMPIRE gives much better approximation, especially under 10 MeV and above 20 MeV, it gives also reliable maximum position but overestimates the maximum value. The 64.1 h ground state is produced directly via (p,n) reaction and through 91.4 % decay of the isomeric state (T 1/2 = 23.8 h). The experimental data for direct production are shown in Fig. 3 . There are large disagreements between the experimental data from the different authors due to several effects: low gamma-energy, weak gamma-lines and separation of the contribution from the decay of isomeric state. The TENDL-2014 and 2015 values seem to give a good description of the shape and the maximum cross section value is near to an average of the experimental ones. The approximation of EM-PIRE is better also in this case. π = 1/2 − ). We obtained production cross sections for both sates. The experimental and the theoretical data for the longer-lived isomeric state are shown in Fig.  4 . The agreement is acceptably good between experimental data. The TENDL-2014 and 2015 calculations slightly overestimate the experiments, but the prediction is acceptably good. There is no significant difference between the TENDL versions. Now the overestimation of EMPIRE is strong between 28 and 40 MeV, but its approximation is better at the remaining energy regions. 197 Au(p,3n) 195g Hg reaction
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Cross sections for the
The 10.53 h ground state is produced directly via (p,n) reaction and through IT 54.2 % internal decay of the isomeric state (41.6 h). Figure 5 shows the direct production cross sections obtained after separation of possible contributions of isomeric state decay. The experimental data are very scattered above 40 MeV. The almost identical TENDL versions give good estimation only up to 22 MeV, above this value strongly underestimate and also their maximum energy is shifted downwards. EMPIRE gives better approximation regarding to the maximum position and also the values above it, but underestimates the maximum value similarly to TENDL. from isomeric state decay (IT 7.2 %) are shown in Fig. 7 . Only two earlier experimental data sets were found presenting significantly higher and scattered values. TENDL-2014 and 2015 confirm the shape of our new results but the predicted maximum value is 100 % higher. In this case the prediction of EMPIRE can be considered as better.
5.1.7. Cross sections for the 197 Au(p,6n) 192 
Hg reaction
The experimental and the TENDL data for production of 192 Hg (T 1/2 = 4.85 h) are shown in Fig 8. Our new data are in good agreement with the TENDL-2014 prediction, but differ significantly from the single literature data. The new TENDL-2015 gives a downwards shift in energy, which is not confirmed by our new experimental results. The EMPIRE code fails to give an acceptable approximation in this case.
Production of gold radioisotopes
Due to the similar half-lives of the parent Hg radioisotopes and the long cooling time before the first gamma spectra (large contribution from the decay already in the first spectra) we decided not to deduce independent cross sections for production 193 Au and 192 Au (T 1/2 = 17.65 h and 4.94 h respectively). 197 Au(p,pn) 196m2 Au reaction We could measure the cross section data for formation of the long-lived, high spin, isomeric state 196m2 Au (T 1/2 = 9.6 h, 12-, IT 100 %). No earlier experimental data were found in the literature (Fig. 9) . The TENDL-2014 and 2015 values are 6 times higher near the maximum. EMPIRE gives similarly unacceptable result. 197 Au(p,pn) 196g Au reaction The experimental results for direct production of the 196g Au ground state (T 1/2 = 6.1669 d), after correction for contribution of 100 % isomeric transitions from 196m2 Au but including the total decay of the direct formation of the 8.2 sec 197m1 Au and the 100 % isomeric transitions from 196m2 Au (T 1/2 = 9.6 h), are shown in in spite of the inclusion of the 197m1 Au contribution. 197 Au(p,x) 195g Au reaction We deduced cumulative production cross of 195g Au (T 1/2 = 186.09 d), which includes contribution from direct production, from the short-lived 195m Au isomeric state (T 1/2 = 30.5 s, IT 100 %) and from the decay of the isomeric states of parent 195m,g Hg (T 1/2 = 41.06h and 10.53 h). Our cross section data for the cumulative production (cum) and the literature results for the direct (g) or cumulative (cum) production of the ground state are shown in Fig. 11 . The values of TENDL-2014 and 2015 for cumulative production follow closely the experimental data. EMPIRE prediction is shifted and gives some overestimation between 25 and 45 MeV. (Fig. 13) . No earlier experimental data were found in the literature. Our new data are in good agreement with the TENDL-2014 prediction. In this case the new TENDL-2015 shifted the maximum towards lower energies, which is not confirmed by the experiment. The reason of the strong underestimation of EMPIRE is that the production is mainly fed by the 191 Hg decay, which was not included in the EMPIRE calculation, because of the code failure by large number of emitted particles at higher energies. (Fig. 15 ) contain the direct production and production through the decay of the short half-life isomeric state. Under the used experimental circumstances, the contribution through the decay of the long-lived isomeric does not play a role, so it was neglected. The agreement with the data of (Michel et al., 1997) is acceptable, the TENDL versions strongly underestimate the experimental values and do not predict the trend of the experimental curves. The EMPIRE strongly overestimates from the threshold.
Cross sections for the
Production of platinum radioisotopes
Integral yields
From excitation functions integral thick target yields, obtained by Spline fit to our experimental cross section data, were calculated and shown in Fig. 16 as a 
Applications
Possible medical applications for therapeutic nuclear medicine were recently discussed in detail in our works on activation cross sections of deuteron induced reactions on gold published recently (Tárkányi et al., 2011 (Tárkányi et al., , 2015 . Here we discuss only the relevance for applications in the thin layer activation technique (TLA) and for beam monitoring.
Thin layer activation
For TLA investigation of specimens containing metallic gold or gold alloys, only the longer-lived 198g Au (T 1/2 = 2.7 d) and 196g Au (T 1/2 = 6.2 d) are suitable among the reaction products studied here and in our previous work (Tárkányi et al., 2015) . Application of 196g Au was already presented in detail in the TLA data library of the IAEA (IAEA-NDS, 2010). We compare the IAEA recommended data with our new results in Fig. 10 . The comparison shows that the experimental data should be refitted, especially above 45 MeV.
Beam monitoring
A thin layer of gold is frequently used as target backing material due to its favorable physical and chemical properties. When irradiating the target a few reactions are induced simultaneously in the gold-backing resulting in radioproducts suitable for beam energy and intensity determination. The quality of the gold cross section data however is still not satisfactory. Among the investigated reactions the reactions resulting in 197m Hg (above 10 MeV), 195m Hg (above 20 MeV), 196g Au (above 20 MeV), 195 Au (above 20 MeV, long measurement is necessary) and 194 Au (above 40 MeV) could be used (see Figures 2, 4, 10, 11 and 12 ).
Summary and conclusion
Excitation functions of 197m,197g,195m,195g,193m,193g,192 Hg, 196m, 196g(cum) ,195g(cum),194,191(cum) Au, 191(cum) Pt and 192 Ir nuclear reactions are reported up to 65 MeV, some of them for the first time, relative to well documented monitor reactions. Detailed compilation of earlier experimental data was performed. The agreement is acceptable except for a few reactions. The TENDL-2014 describes well the experiments except for a few isomeric states, while TENDL-2015 shows a little worse prediction than the previous TENDL version. The EMPIRE codes gives better predictions mainly in the cases of a few particle emissions, but fails when complex emissions are also possible and at higher energies. The extended experimental data base provides a basis for improved model calculations and for applications in radioisotope production, in accelerator technology, in charged particle activation analysis and in thin layer application.
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